The immunocompromised are at particular risk for infection with zoonotic diseases. Persons can be temporarily immunocompromised due to pregnancy or developmental stage (i.e. infants); longer-term or permanent states of immunosuppression can occur as a result of immunosuppressive treatment following cancer or organ transplant, or from infectious diseases, such as AIDS. The focus of this review article is on emerging bacterial zoonotic diseases that are of particular concern among the immunocompromised. Factors that affect disease emergence can include factors such as human demographics and behavior; technology and industry; economic development and land use; international travel and commerce; microbial adaptation and change; and breakdown of public health measures. The immunocompromised need to take precautions when engaging in seemingly normal activities such as food preparation; caring for companion animals; and recreational or occupational activities. The immunocompromised are not only more susceptible to infection, but often suffer more serious sequelae as a result of infection. This review article provides an overview of the major foodborne, respiratory, and vector-borne bacterial pathogens that affect the immunocompromised. The major categories of immunodeficiency are described. In addition, measures that can be taken to prevent infection, including the role of health education, are discussed.
INTRODUCTION
The Institute of Medicine defines emerging infections as those whose incidence in humans has increased within the past two decades due to factors such as changes in human demographics and behavior; technology and industry; economic development and land use; international travel and commerce; microbial adaptation and change; and breakdown of public health measures [54] . In some cases, there is an increased recognition of emerging diseases due to improvements in surveillance and/or detection methods (i.e. diagnostics). In addition to new human pathogens or those with increased potential for human exposure, due to changing lifestyles or demographics, some bacterial infections have escalated or re-emerged because of an increase in individuals with suppressed immune systems. This review article focuses on the major emerging bacterial zoonotic diseases in the immunocompromised. For purposes of this discussion, the immunocompromised are those at an increased risk of disease from, or more severely affected by, certain infectious agents compared to those that are immunocompetent.
Immune system abnormalities can be characterized as disorders affecting production or functionality of one or more cellular components. These include antibody (B cell) deficiency; cellular (T cell) deficiency; combined (B and T cell) immunodeficiency; or phagocytic dysfunction [34] . Immunodeficiencies arise due to either primary (genetic) or secondary (acquired) causes. Population-based data related to the incidence and prevalence of primary immunodeficiencies is needed [60] . The minimum estimate of birth prevalence of recognized severe combined immunodeficiency is 1/100 000, which is an underestimate due to infant deaths occurring before birth [23] . The proportion of the population living with acquired immunodeficiencies has increased due to the global HIV/AIDS epidemic, life-prolonging treatment of immunodeficiency diseases, and the use of chemotherapeutic agents and immunosuppressive drugs in cancer and transplantation patients [31] . In addition, the very young, the elderly, and pregnant women are generally not considered fully immunocompetent. Population estimates of acquired immunodeficiencies are more difficult to find in the published literature, and will be limited by differences in the duration and severity of the various immunocompromising conditions. A study based on estimates of organ transplant recipients and patients with human immunodeficiency virus infection, acquired immunodeficiency syndrome or cancer estimated that 3.6% of the USA population has an acquired immunodeficiency that renders them more susceptible to opportunistic diseases [57] . When pregnant women and the elderly are included in addition to the above populations, the proportion of the USA population with some degree of immunodeficiency is closer to 20% [42, 94] .
TYPES OF IMMUNODEFICIENCIES
The primary immunodeficiencies include severe X-linked defects and the primary autosomal deficiencies. Defects in B lymphocyte maturation, as seen with X-linked agammaglobulinemia, are characterized by an absence of mature B cells and immunoglobulins of all isotypes. Patients suffer from recurrent bacterial infections and septicemias with polysaccharide-encapsulated microorganisms such as pneumococci and Haemophilus influenzae [31, 53, 89] . Patients with T cell maturation defects have increased susceptibility to infections with intracellular bacteria such as Mycobacterium avium in addition to polysaccharide-encapsulated bacteria [31, 53] . With X-linked severe combined immunodeficiency syndromes (SCID), both cytotoxic and helper T cells are absent because maturation of T lymphocytes is interrupted at an early stage. The lack of helper T cells results in defects in B cell responses to T-dependent antigens and increased susceptibility to a broad range of bacterial infections [53] .
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The primary autosomal immunodeficiencies include DiGeorge syndrome, Type II bare lymphocyte syndrome, and many others [31, 53] . Both DiGeorge syndrome and Type II bare lymphocyte syndrome result in SCID-like diseases caused by a dysfunction or lack of T helper cells. Infections with environmental or opportunistic bacterial pathogens are commonly seen in persons with these syndromes [53] . Some primary immunodeficiency disorders are not immediately clinically apparent. Complex genetic interactions increase the susceptibility of affected persons to development of certain immunoglobulin deficiency diseases [89] . Primary immunodeficiencies also arise from a multitude of defects in phagocytes, chemotactic factors, and complement components. In these diseases, infections of the respiratory tract, skin and mucous membranes with extracellular bacteria, such as Staphylococcus aureus and Pseudomonas, are common [31, 53] .
Although primary immunodeficiencies are often life-threatening, secondary immunodeficiencies are far more common causes of immune system dysfunction [4, 60] . Secondary immunodeficiencies have several etiologies, including: (i) drug-associated suppression of bone marrow precursor cells, mature lymphocytes, and/or phagocytes; (ii) suppression due to infectious disease (HIV, malaria); (iii) suppression associated with metabolic diseases (diabetes mellitus); and (iv) physiologic immune suppression (nutritional deficiency, pregnancy, agerelated) [4, 31, 53] . Chemotherapy-related immunosuppression of bone marrow usually results in SCID-like conditions, with resulting bacteremias and sepsis caused by many gram-positive and gram-negative bacteria [31] . The HIV-associated damage to cell mediated immunity is profound in later stages of AIDS, with frequent opportunistic infections and increased susceptibility to intracellular microorganisms such as Mycobacterium avium and Bartonella spp. [31] . Persons infected with malaria will be immunocompromised due to defects in macrophage, dendritic cell, and CD8+ T cell function [107, 108] . Salmonella septicemias and altered responses to polysaccharides have been reported in malaria-infected individuals [108] . Protein and micronutrient deficiencies contribute to the increased susceptibility of infections in developing countries [4] . The immunosuppression of pregnancy results from increased levels of endogenous corticosteroids and progesterone. Infections with Listeria monocytogenes are of particular concern because of pregnancy-associated, temporary deficits in cell mediated immunity [31] .
ROUTES OF EXPOSURE
People can be exposed to bacterial zoonotic pathogens through a variety of routes [43] . Many zoonotic bacterial infections are foodor waterborne in origin and pose a particular risk to the immunocompromised [42] . Probably the most likely setting for zoonotic disease transmission is in or around the household, where everyday activities such as food preparation, pet care, and gardening can potentially result in zoonotic disease transmission to the immunocompromised. For instance, foodborne pathogens, which are typically transmitted via the fecal-oral route, can contaminate meat, produce, and other food products [43, 102] . Outdoor recreational activities, such as backpacking, swimming, and hunting may also present opportunities for exposure to zoonotic pathogens. Ingestion of or contact with river, stream, or lake water can potentially result in indirect exposure to animal urine or feces [103] . Persons who hunt also risk exposure to zoonotic pathogens through direct handling of animal carcasses or ingestion of contaminated tissue. Certain occupations, such as veterinary medicine, agriculture, or others with direct animal contact are at an increased risk of exposure to certain zoonotic pathogens. The specific route of exposure will be described separately for each of the pathogens discussed in the following sections. Knowledge of the settings in which 496 R.T. Trevejo et al.
transmission of zoonotic infections are most likely to occur can assist in formulating patient guidelines for prevention.
CATEGORIES OF INFECTIOUS AGENTS AND THEIR EPIDEMIOLOGY

Enteric infections
Salmonellosis: It has been estimated that approximately 1.4 million non-typhoidal salmonella infections occur in the United States annually, resulting in approximately 15 000 hospitalizations and 400 deaths [112] . Infection of healthy adults with non-typhoidal Salmonella usually results in self-limiting gastroenteritis that does not require antibiotic therapy, but severe clinical consequences can include septicemia, arthritis, meningitis, and pneumonia [29, 87] . However, the very young, elderly, and immunocompromised are at increased risk of complications and death, even if the infecting dose is low [51] . Non-immunological host risk factors include gastric hypoacidity in infants, pernicious anemia, and sickle cell anemia. Underlying immunosuppression should be ruled out in patients presenting with non-typhoidal Salmonella bacteremia in the absence of gastroenteritis [22] . A recent study of extra-intestinal non-typhoidal Salmonella infections in infants (< one year) and children up to 15 years of age showed that immunocompromised states resulting from therapy for malignancies, corticosteroid use, and severe malnutrition as a consequence of congenital heart disease or chronic pulmonary disease were associated with increased mortality rates [92] .
The most common vehicles for transmission of food-borne salmonellosis are meat, meat products, eggs, and egg products that are contaminated as a direct result of animal infection or fecal contamination during processing [75] . A multi-state survey of consumer food-handling practices found that the elderly (> 60 years old) were more likely to report consumption of undercooked eggs than any other risky food handling behavior, and reported more frequent consumption of undercooked eggs than did persons < 60 years old [3] . In the United States, multi-drugresistant Salmonella species (especially S. typhimurium) first emerged in animals and was subsequently recognized in humans by direct epidemiological and temporal evidence [100] . The use of antimicrobial agents in animals and humans results in the emergence and dissemination of resistant bacteria which may then be passed through food chains to humans resulting in infections that are refractory to antimicrobial treatments [6] . Animal feeds are a major link in the food safety chain and there is evidence that several human outbreaks of salmonellosis originated from the use of salmonella-contaminated animal feed [30] . Other animal sources of human salmonellosis, such as reptiles and rodents, have also been implicated [26, 39, 41] .
Campylobacteriosis: Campylobacter is the most common cause of bacterial gastroenteritis in the United States, causing an estimated 2.4 million human infections annually [66] . While the usual manifestation is an acute self-limiting gastroenteritis, severe infections and post-infectious sequelae such as Guillain-Barre syndrome and reactive arthritis do occur [1] . Immunocompromised hosts are at increased risk for recurrent and chronic infections with Campylobacter [74] . Approximately 100 people die of Campylobacter jejuni infections in the United States annually, the majority of which are infants, elderly, or immunosuppressed persons [2] . Risk factors for infection include consumption of poultry, and contaminated raw milk and water [40, 55] . Direct zoonotic transmission of Campylobacter from contact with infected kittens, puppies, and livestock has also been documented [12] .
Escherichia coli O157: Escherichia coli O157:H7 was first identified as a pathogen in 1982 in an outbreak of bloody diarrhea traced to hamburgers from a fast-food chain [79] . Since that time E. coli O157 has emerged as a major cause of foodborne illness in the United States, with an estimated 92 000 cases in 1997 [66] . Young children and the elderly are particularly susceptible to hemolytic uremic syndrome, a severe sequelae of E. coli O157 infection [45] . The intestinal tract of healthy cattle serves as a reservoir of E. coli O157 [65] . In addition to undercooked hamburger, unpasteurized milk and apple cider, contaminated water, and fresh produce have been implicated as sources of infection [12, 15] . A recent case control study showed that using immunosuppressive medication was a significant risk factor for infection [56] .
Yersinia enterocolitica: Approximately 87 000 cases of foodborne Yersinia enterocolitica infection were estimated to occur in 1987 [66] . Since special selective media are required for detection of Y. enterocolitica [12] , it is possible that lack of detection may result in underreporting. Y. enterocolitica is a cause of febrile gastroenteritis, especially in infants and minority populations, although extra-intestinal infection does occur [76] . Bacteremia is especially likely in immunosuppressed individuals and in those with underlying metabolic and hematologic disorders, such as iron overload and sickle cell disease [16] . Swine are the most common reservoir, and raw or undercooked pork or pork products are the most likely vehicles for transmission [12] .
Listeriosis: Listeria monocytogenes has emerged as an important foodborne pathogen, with an estimated 2 000 infections in the United States in 1997 [66] . The epidemiology of listeriosis is typically characterized by sporadic cases [12] . However, since 1981, several large outbreaks have been attributed to foods of animal origin, such as undercooked chicken, hot dogs, delicatessen meats, unpasteurized cheese products, and seafood [88] . Listeria infections may cause gastroenteritis in otherwise healthy adults but severe invasive infection often occurs in immunocompromised individuals, including infants, pregnant women, and the elderly [12] . Abortion, stillbirth, and neonatal mortality can result from maternally-acquired infections. Neonatal infections, occurring 1-3 weeks after birth, often present with meningitis. Other populations at risk include adults with underlying disease such as cancer, HIV infection, chronic hepatic disorders, and diabetes [83] . Individuals at particular risk include those with abnormalities in T-cell-mediated immunity, such as patients with solid organ or bone marrow transplants who are receiving adrenal corticosteroids [80] .
Respiratory pathogens
Bordetellosis: Bordetella bronchiseptica is a respiratory tract pathogen that is primarily responsible for kennel cough in dogs, snuffles in rabbits, and atrophic rhinitis in piglets [44] . Healthy dogs may carry small numbers of this bacterium in their oropharynx for variable lengths of time. B. bronchiseptica infection in humans is considered rare, but has been documented in both healthy and immunocompromised individuals [63, 98, 116] . Of nine HIV patients from whom B. bronchiseptica was isolated, respiratory illnesses ranged from mild upper respiratory tract infections to pneumonia [36] . Two of these persons had household contact with dogs prior to their illnesses, and one had household contact with cats. The disease is more likely to be severe in individuals who are immunocompromised, such as those with Hodgkin disease, cystic fibrosis, or HIV infection [16, 49] . In one case report, B. bronchiseptica was isolated four times over two years from a 79-yearold bronchopneumonia patient with rabbit contact [47] . Accidental aerosol exposure to canine intranasal B. bronchiseptica vaccine in a veterinary setting may also pose an infection risk, particularly to immunocompromised patients [14] .
Mycobacterioses: The Mycobacterium tuberculosis complex includes M. tuberculosis and M. africanum primarily from humans, and M. bovis from cattle [12] . Human tuberculosis primarily due to Mycobacterium tuberculosis is emerging as one of the most important diseases affecting patients with primary immunodeficiencies, HIV/AIDS, as well as those undergoing immunosuppressive therapy following organ transplants [97] . The emergence of drug resistant tuberculosis has further exacerbated the problem of this disease [25] . For instance, multi-drug resistant strains of M. bovis were identified in a nosocomial outbreak among HIV-infected patients [18] . The Mycobacterium avian complex, which is widespread in the environment, has emerged as an important cause of disseminated opportunitistic disease in HIV-infected patients [12] .
Rhodococcus pneumonia: Rhodococcus equi is an important cause of bronchopneumonia in young foals [67] . In recent years, it has emerged as an increasingly common, and frequently fatal, opportunistic pathogen of humans immunocompromised by HIV infection or immunosuppressive therapy [61, 73, 115] . The disease in these patients often mimics tuberculosis with the formation of cavitary, granulomatous pneumonia [61, 104] . Although R. equi is an equine pathogen, its zoonotic potential is still unclear. The organism is ubiquitous in soil, and most cases of R. equi infection in humans cannot be associated with direct contact with animals [61] . Two recent studies of virulence-associated antigens in isolates from human patients in Thailand and Hungary have determined that the infecting R. equi strains are more closely related to isolates from regional pigs than to strains from horses in these areas [64, 101] . Further investigation is needed to clarify the routes and reservoirs of R. equi infection in humans [101] .
Vector-borne diseases
Lyme disease (borreliosis), ehrlichiosis, and bartonellosis are emerging diseases in the USA that are all caused by bacteria that naturally reside in both animal and arthropod hosts [113] . Lyme disease has not been described as disproportionately affecting the immunocompromised, although this population can be severely affected by other tickborne diseases. The number of ehrlichial species infecting humans and animals has increased in the past several decades [70] . Elderly patients infected with Anaplasma phagocytophilum, the agent of human granulocytic ehrlichiosis (HGE) [35] , are more likely to have severe disease, which typically presents with influenza-like symptoms with variable degrees of anemia, thrombocytopenia, leukopenia, and elevated liver enzymes [113] . HGE has been reported in pancreas transplant recipients [105] . Prior immunosuppression was noted in 3 of 4 patients infected with Ehrlichia ewingii, a recently recognized agent of human ehrlichiosis [24] . Cat or dog ownership has not been found to be a risk factor for increased seroprevalence of antibodies to the agent of HGE among persons in Australia [93] . All individuals engaging in outdoor activities should take all necessary precautions to reduce their risk of tick exposure, particularly when engaging in outdoor activities in areas where infected ticks are prevalent [95] .
Bartonella henselae is the causative agent of cat-scratch disease (CSD), a granulomatous lymphadenopathy that characteristically develops 1 to 3 weeks after a cat bite or scratch [77] . Although CSD has been recognized as a zoonotic disease for many years, B. henselae was not isolated and characterized until the early 1990s [77] . It was first isolated from HIV-infected individuals suffering from bacillary angiomatosis, a newly recognized disease characterized by cutaneous and subcutaneous, proliferative vascular lesions. B. henselae also has been associated with endocarditis and fever with bacteremia in AIDS patients; CSD in immunocompetent individuals; and bacillary angiomatosis in immunocompromised people, including transplant recipients [78] . Cats serve as reservoirs and vectors for both diseases, although fleas or ticks may also serve as vectors for B. henselae, at least in its animal hosts [48] . Transmission of B. henselae to humans probably is accomplished by mechanical transfer (via the cat's claws) of infected flea feces into Bacterial zoonoses of immunocompromised 499 scarified skin [19] . Additionally, Ixodes ricinus ticks removed from humans have been demonstrated to carry B. henselae and thus might play a role in transmission of this organism [86] . Bartonella quintana, the causative agent of trench fever, and the closely related B. bacilliformis, are also transmitted by arthropods [77] . Immunocompromised individuals, including AIDS patients and transplant recipients, are at risk for complications of infection with B. quintana, which has been associated with bacillary angiomatosis and peliosis hepatitis in these patients [17, 19, 28, 111] . Humans are the only known non-arthropod reservoir for these two species of Bartonella, although monkeys have been infected experimentally with B. quintana [19] .
Diseases from animal bites and scratches or other contact
Many bacterial pathogens can be transmitted through animal bites and, less frequently, scratches. B. henselae, often transmitted to humans by cat scratches, has already been discussed above because of the role of arthropod vectors in its transmission. Immunocompromised people are at greater risk for systemic complications of animal bite wounds, including endocarditis and meningitis [21] . Capnocytophaga canimorsus, formerly CDC group DF-2, is emerging as an important cause of dog bite wound-associated disease in splenectomized and cirrhotic patients, as well as those with other immunocompromising conditions [20, 46, 62, 85] . Consequences of C. canimorsus infections include sepsis, endocarditis, meningitis, disseminated intravascular coagulation, and hemolytic uremic syndrome. In addition to dog bites, some cases of C. canimorsus septicemias have been associated with cat bites and scratches, and others have been acquired through mucosal contact with dog or cat saliva [62, 71, 84, 85, 109] .
Pasteurella multocida and other species of Pasteurella are also important dog and cat bite pathogens [52] . Sepsis, endocarditis, and osteomyelitis are more likely to occur in patients with compromised immune function [52, 68] . Non-bite exposure (scratches, mucosal contact) to dogs and cats has also been associated with Pasteurella bacteremia in immunocompromised people [46, 106] .
Mycobacterium marinum, although rarely reported, is a newly emerging disease associated with fish tank or other marine exposure that threatens immunocompromised pet fish enthusiasts [8] . In immunocompetent adults, lesions associated with M. marinum are usually limited to soft tissue nodules or ulcers and, occasionally, localized tenosynovitis or osteomyelitis [33, 110] . More invasive or disseminated forms of M. marinum infections, including multiple abscesses, septic polyarthritis, diffuse granulomatous reactions, and disseminated osteomyelitis, have been reported in immunosuppressed individuals [9, 10, 32, 37, 50, 59 ].
PREVENTING ZOONOTIC INFECTIONS IN THE IMMUNOCOMPROMISED
Prevention of zoonotic bacterial infections depends on recognition of routes of transmission, important reservoirs, and risk factors for infection. Veterinarians play a critical role in educating clients and the public on the transmission and prevention of zoonotic diseases. Educational materials to inform clients of zoonotic disease risks, such as signs posted in waiting areas, brochures, and newsletters can be used to prompt immunocompromised clients to seek advice regarding their companion animals such as described in the website Pets are Wonderful Support (PAWS): http://www.pawssf.org. Similarly, immunocompromised persons with animal-associated occupation risks need to be made aware of appropriate precautions to take in the workplace.
Presumably, there is a very strong animal-human bonding, especially for persons who may feel isolated as a result of their illness. It is simply not realistic to expect persons that are immunocompromised to avoid all animal contact in order to eliminate the risk of direct zoonotic infections. For example, Spencer et al. showed that 45% of HIV infected patients owned pets, although 60% of these patients had been advised not to keep pets [96] . Many studies have demonstrated the human health benefits of the human-animal bond among immunocompromised patients [5] . For instance, a recent study demonstrated that AIDS patients who owned pets reported less depression that those who did not own pets [91] .
Specific recommendations for the care of companion animals belonging to immunocompromised persons have been published [7, 43, 81] . If a person or family elects to have a companion animal, extra precautions are needed to ensure that unnecessary risks are minimized. Pets should be fed only a high-quality commercial food, and not fed raw meat or eggs. Pets should not be allowed access to non-potable water, such as surface water or in toilet bowls. Dog should be confined whenever possible and walked only on a leash to prevent hunting, coprophagia, and garbage eating. Immunocompromised patients who wish to acquire a new pet should avoid puppies or kittens, as they are more susceptible to enteric infection [82] . The Centers for Disease Control and Prevention's Healthy Pets, Healthy People website recommends avoiding dogs and cats < 6 months old, as they are more likely to carry zoonotic diseases [27] . Routine preventive care for pets, including vaccinations, should be provided. Screening of healthy animals to detect fecal shedding of enteric pathogens is of limited value unless serial samples are collected. Erythromycin treatment is indicated in symptomatic dogs or cats with a positive Campylobacter culture, but antibiotic treatment for Salmonella-associated diarrhea is likely to prolong shedding [13, 38] . Steps to control and prevent ectoparasite infestation are important, especially in areas where vector-borne diseases are endemic. Animals should be regularly checked for ectoparasites and treated with an appropriate ectoparasiticide.
Immunocompromised patients need to pay special attention to safe food-handling practices, such as proper cooking of meat and eggs, washing hands after handling raw meat or chicken, and washing cutting boards after use. Kendall et al. [58] used the Delphi process with a group of recognized food safety experts to identify key food-handling behaviors among pregnant women, infants, and young children. Avoidance of soft cheeses, raw or undercooked seafood, delicatessen salads and lunchmeats not reheated to at least 165 °F, unpasteurized dairy products, raw and undercooked eggs, and non-potable water for drinking and food preparation were identified as important for disease prevention in this population. Eventually, high-risk groups may be advised to consume irradiated meats, poultry, and other foods as the technology becomes more widely accepted [72] .
Immunocompromised persons who come in contact with animals in public settings such as fairs, petting zoos, or schools should take precautions to prevent infection with zoonotic pathogens such as E. coli O157, Salmonella, and Campylobacter [11] . The National Association of State Public Health Veterinarians has published a Compendium of Measures to Prevent Disease and Injury Associated with Animals in Public Settings, which recommends that accessible hand-washing facilities be provided and that persons refrain from consuming food and beverages in animal areas [69] . Children that are immunocompromised should be carefully supervised to ensure that all appropriate precautions are taken. Contact with wild animals and non-human primates should be avoided. Animals utilized in special therapy programs, hospitals, and convalescent homes will encounter populations with a high proportion of immunocompromised patients. The Centers for Disease Control and Prevention recommends that animals participating in animals-assisted activities and resident animal programs be fully vaccinated for zoonotic diseases and be healthy, well-groomed, and negative for enteric parasites [90] . Surprisingly, no petrelated infections were identified in a 12-month study of 284 Minnesota nursing homes [99] . Providing that appropriate measures are in place to prevent the transmission of zoonotic diseases, the benefits of animalassisted therapy clearly outweigh the risks [114] .
CONCLUSION
While a number of emerging bacterial zoonoses can be transmitted directly or indirectly to immunosuppressed persons, adherence to guidelines for preventive health care, diet, management, and hygiene can greatly reduce the risk of zoonotic transmission. Veterinarians will continue to play a major role in the diagnosis, treatment, and preventive care of companion animals. In addition, they have an important role to play in client and public education, and in functioning as part of a public health team along with other health professionals. Physicians and other health care professionals can benefit from receiving accurate and current information on prevention of zoonotic diseases from members of the veterinary community. Future population-based studies on immunocompromised patients should greatly help in characterizing their specific risk factors for acquiring zoonotic infections and the epidemiology of the diseases that impact this population.
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